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LASER- INDUCED  BOUND  STATES  AT  SURFACES: 
ION  NEUTRALIZATION  AND  ADSORPTION 
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Department  of  Chemistry,  University  of  Rochester 
Rochester,  New  York  14627  USA 


Abstract  A  laser  can  be  used  to  generate  bound  states, 
both  electronic  and  vibrational,  of  a  foreign  atom  on 
a  solid  surface,  and  is  capable  of  enhancing  processes 
like  ion  neutralization  and  adsorption. 

INTRODUCTION 

Two  mechanisms  for  laser-generated  bound  states  of  a  foreign 
species  on  a  solid  surface  are  discussed.  The  first,  ion 
neutralization,  leads  a  bound  electronic  valence  state  of 
a  projectile  ion  that  is  not  degenerate  with  any  electronic 
band  states  of  the  surface,  while  the  second,  radiative 
adsorption,  gives  a  stable  vibrational  state  of  an  adsorbed 
atom.  The  laser  intensity  plays  the  dominant  role  in  the 
first  process,  whereas  in  the  second  a  resonantly-tuned 
frequency  is  of  greater  importance. 

ION  NEUTRALIZATION 

In  many  theories  treating  neutralization  of  ions  scattered 

12  «. 

from  solid  surfaces,  ’  resonance  processes  play  a  dominant 

role.  This  kind  of  resonance  is  between  a  discrete  state 
and  a  continuum  level.  Thus  a  valence  level  of  the  * 
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projectile  ion  (the  discrete  state)  is  considered  to  have  a 
position-dependent  energy  eg(*)  (see  Fig.  1)  which,  at  some 
region  of  small  z,  is  resonant  with  a  continuum  of  band 
levels  of  the  electronic  states  in  the  solid  surface;  the 
position  z  represents  some  measure  of  the  distance  of  the 
ion  from  the  surface.  The  bound-continuum  interaction  is 
usually  assumed  to  be  significant  only  for  small  z,  that  is, 
when  the  ion  is  near  the  surface.  Moreover,  the  strength  of 
the  interaction  is  assumed  to  be  such  that  both  the  shift 
and  width  of  the  resonant  state  are  small,  and  that  the 
energy  spectrum  of  the  ion-surface  system  is  the  same  as 
that  of  the  band  states  of  the  solid  surface.  These  limita¬ 
tions  on  the  bound-continuum  interaction,  together  with  the 
particular  nature  of  the  model — one  discrete  state  embedded 
in  one  continuum — lead  to  the  situation  where  true  bound 
states  of  the  ion-surface  system  play  no  role  at  all  in  the 
discription  of  the  mechanisms  leading  to  charge  transfer. 

If  such  mechanisms  require  true  bound  states,  they  have  to 
be  added  to  the  model.  For  example,  Auger  neutralization 

may  take  place  if  a  deep -lying  unoccupied  level  of  the  in- 

3 

coming  ion  is  available. 

Within  the  constraints  of  the  model  described  above  and 
a  particular  physical  system,  the  bound-continuum  Interaction 
has  a  fixed  strength,  and  thus  true  bound  states  either  enter 
the  picture  or  not  at  all.  With  the  introduction  of  a  laser, 
however,  the  situation  is  changed  drastically.  The  fact  of 
crucial  importance  is  that  both  the  laser  frequency  and  the 
field  strength  are  adjustable.  Thus  the  same  model,  when  it 
is  understood  that  the  bound-continuum  interaction  is  due  to 
a  field  coupling,  can  not  only  incorporate  a  variable  Eq(z) 
(variable  not  only  with  respect  to  z  but  by  amounts  directly 
related  to  JL)  but  also  a  variable  coupling  strength 
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(directly  related  to  the  field  strength) .  It  is  precisely 
these  variable  quantities  which  lead  to  the  possible  exis¬ 
tence  of  true  bound  states,  even  when  they  are  precluded  in 
the  absence  of  the  field.  The  laser  may  then  be  used  to 
enhance  bound  state  mechanisms  which  are  either  unimportant 
or  impossible  in  the  field-free  situation.  With  respect  to 
the  Auger  neutralization  process  mentioned  above,  the  laser 
may  literally  create  a  "deep -lying"  valence  state  to  act  as 
receptor  of  an  electron  from  a  band  level.  Such  a  state  may 
also  interact  resonantly  with  any  core  levels  of  the  solid 
surface  that  happen  to  be  approximately  degenerate  with  it. 
In  what  follows  we  give  a  brief  discussion  of  the  theory 
behind  the  formation  of  the  laser- induced  bound  state. 

The  schematic  picture  of  the  energy  level  structure  in 
our  model  is  given  in  Fig.  1.  The  Hamiltonian  may  be 
written  as 


H(z)  -  Ieknk  +  (Eq(z)  +  «u))n0  +  Xl VkCz) cQCk  +  h*c-l*  C1) 
k  k 


where  vk(z)  is  the  bound-continuum  interaction  provided  by 
the  field  coupling,  and  k  is  the  band  index.  The  emergence 
of  possible  bound  states  is  most  easily  seen  by  focusing 
on  the  eigenvalue  equation  for  H(z): 


-  (e  +  1W)  +  g2/de,P^E'i^(f  }l  -  0, 


(2) 


where  we  have  introduced  a  coupling  strength  g  into  V^(z) 


such  that 


VR(z)  -  gV(e) ,  (3) 

and  the  z  dependence  is  not  explicitly  written  on  the  RHS. 

2 

For  radiative  coupling,  g  is  directly  proportional  to  the 
field  strength. 

Under  what  conditions  will  a  true  bound  state  emerge? 
There  will  be  bound  states  when  Eq.  (2)  admits  negative 


FIGURE  1.  Energy  level  structure  of  the  model  describing  ion 
neutralization  at  a  solid  surface.  £qU)  is  the 
unoccupied  valence  level  of  the  ion,  u is  the  laser 
frequency,  and  be  is  the  level  shift  (this  is 
shown  to  be  negative  in  the  picture).  Eq(z)  Is 
either  a  virtual  level  when  it  is  degenerate  with 
the  conduction  band,  or  a  true  bound  state  when  it 
is  outside  the  conduction  band,  is  the  Fermi 
energy,  and  4  is  the  work  function. 
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energy  solutions.  Let  this  solution  be  E^  «  -x,  where  x>0. 
Eq.  (2)  then  reads 


x  +  +  fioj 


(4) 


Examination  of  the  quantitative  picture  for  a  graphical 
solution  quickly  reveals  that  there  will  be  a  negative  energy 
solution  only  when 


’crit  * 


where 


scrit 


£q  + 


-rl/2 


/  d« 


,p(e') |V(e*) 


(5) 


Thus  whenever  the  laser  field  strength  is  increased  beyond 
a  value  specified  by  the  critical  coupling  constant  8crit» 
a  true  bound  state  emerges.  Furthermore,  the  model  only 
admits  one  and  only  one  such  state. 

For  g  <  g  ,  however,  the  valence  level  of  the  pro¬ 
jectile  ion  becomes  an  unstable  (virtual)  state  with  a  shift 
in  energy,  Ae,  given  by 


(6) 


where  F  denotes  the  principal  value  of  the  integral. 

Eq.  (6)  implies  that  when 

I  Ae  |  >  cQ  +  tfu;, 

we  have  a  true  bound  state.  Looking  at  Fig.  1,  then,  the 
laser  can  be  imagined  to  do  the  following  thing:  As  the 
field  strength  is  increased,  the  resonant  valence  level 
6q  +  if.  is  pulled  progressively  down  the  conduction  band. 
As  long  as  g  <  gcrit>  Eq(z)  8tay®  within  the  conduction 
band,  and  at  most  we  have  an  unstable  state.  But  when 


We  now  consider  an  alternative  mechanism  for  laser-generated 
bound  states.  This  is  the  process  of  radiative  adsorption, 
which  is  illustrated  in  Fig.  2.  During  the  encounter  with 
a  surface,  an  adatom  can  undergo  transition  to  a  bound  state 
of  the  adatom-surface  potential  by  stimulated  emission  of  a 
photon.  If  the  surface  were  rigid,  such  a  bound  state  would 
be  unstable  to  the  reverse  process,  photon  absorption.  How¬ 
ever,  by  coupling  the  adatom  motion  to  the  phonon  "bath"  of 
the  solid,  there  exists  the  possibility  of  a  simultaneous 
decay  to  a  lower-lying  bound  state  by  phonon  creation.  Such 
a  state  would  be  a  true  final  state,  except  at  temperatures 
sufficiently  high  that  phonon  annihilation  (feedback)  is 
important . 

We  shall  now  sketch  the  theory  of  this  process  for 
adsorption  on  a  one-dimensional  lattice  (the  extension  to 
three  dimensions  is  straightforward,  but  the  notation  for  the 
one-dimensional  problem  is  simpler) .  We  may  write  the 
Hamiltonian  as 


+  H 


int 


+  H 


int’ 


(7) 


where 

HQ  =  HX  +  HP  +  Ha, 


(8) 


and  the  superscripts  r,  p  and  a  stand  for  the  radiation, 
phonons  and  the  adatom,  respectively.  The  corresponding 
eigenvectors  of  these  zeroth-order  Hamiltonians  are  written 


RDATOM-SURFRCE  DISTANCE  (z-z0) 


FIGURE  2.  Adsorption  events  depicted  in  the  space  of  the 
atom-surface  electronic  eigenstates.  Top: 
adsorption  from  a  continuum  by  the  creation  of 
a  single  phonon.  Bottom:  adsorption  from  a 
continuum  by  the  "simultaneous"  creation  of  a 
photon  and  a  phonon.  The  phonon  events  are 
depicted  by  straight  arrows. 
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as  |nj^>>|n^>  and  |E+>,|f>.  The  third  and  fourth  eigen¬ 
vectors  (of  Ha)  are,  respectively,  the  scattering  state  at 
energy  E  (with  an  outgoing  wave  boundary  condition)  and  a 
final  bound  state  f.  The  latter  state  thus  represents  the 
adatom  bound  to  the  surface.  Using  a  projection  operator 
Q  to  project  out  the  bound  intermediate  state  |m>  to  which 
the  radiative  transition  is  made,  it  is  now  possible  to  write 
the  adsorption  rate  R  due  to  a  plane-polarized  laser  as 


(GQQ)m<nkO+1l<'"lHLtl 


E%|n(0>l 


x  <5((E-E£)  -  -fiui  --Ko;  )  , 
f  p  r  ’ 

where 


(9) 


=  lim  (E  +  in  -  H 


-  VoV’1' 


P  =  1-Q 

and 

0xy  -  XOY  . 

Gq  is  the  Green's  function  for  non-resonant  scattering  and 
is  expanded  in  a  product  basis  of  surface  plane  waves  and 
adatom  scattering  out-waves. 

We  now  consider  the  contribution  of  a  single-phonon 
transition  to  the  rate  by  expanding  the  operator  H?nt 
Taylor's  series  in  the  lattice  coordinate  z^t 

"Lt  (“> 

where  z  is  the  corrdins.  2  of  thf  us  atom,  and  z^  is  the 
equilibrium  (frozen  lattJ"  coordinate  of  atom  l  in  the 
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chain. 


zZmzt 


(12) 


To  arrive  at  the  total  averaged  rate  <R>,  it  is  necessary 

to  average  over  initial  and  sum  over  final  phonon  states. 

Dropping  for  simplicity  the  Fock  states  of  the  radiation 

4  5 

field,  we  are  led  by  standard  manipulations  ’  to 

| <f | Yd^(z) |m> ! 2 


<R> 


1_ 

‘P 


(n  +  1)  p(u  ) 
P  P 


(G*  )  <m|Hf  I 
QQ  mm  1  int 1 


E+>  I 


(13) 


where  p(u.O  is  the  phonon  density  of  states  as  a  function  of 

the  energy-conserving  frequency,  u  ,  n  is  the  average 

P  P 

occupation  number  of  phonon  mode  p, 


n 

P 


(W'-V1 


♦ 


and  there  are  N  atoms  in  the  chain,  each  of  mass  M.  An 

important  feature  of  Eq.  (13)  is  the  natural  separation  of 

the  gas-phase  problem  from  that  of  the  surface.  The  only 

point  of  contact  is  in  (G+  )  ,  which  would  contain  width 

yy  mm 

and  level  shift  terms  due  to  the  phonons,  and  related  terms 
which  are  due  to  the  radiative  interaction. 
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